Cs were determined in pelagic and demersal fishes which are of economic importance. Pelagic fishes concentrated more radionuclides in the muscle tissue when compared to benthic species. Similarly, teleosts registered more activity than elasmobranchs. Based on the activity levels in muscle, the intake, effective dose and lifetime risks to humans were estimated. The internal radiation doses received by fishes and human beings seem to be mainly due to 210 Po and 40 K. The fishes were found to be safe for consumption.
INTRODUCTION
Fish production is very significant for global food trade and food security, as fish provides more than 15% of total animal protein supplies. About 38% of world fish production enters international trade and around 50% (in value terms) of this trade originates in developing countries. Recent growth in the demand for seafood throughout the world has led to a considerable increase in interest in the safety of marine organisms as food sources [1] . In order to determine seafood safety, many countries have carried out research programmes on various kinds of pollutants in marine organisms [2] . Naturally occurring U and Th series radionuclides, singly occurring 40 K and fallout 137 Cs in marine ecosystem have attracted special interest due to their chemical and radioactive properties. The naturally occurring radionuclides, 238 U, 208 Tl, 226 Ra, 210 Po, 210 Pb and 40 K, and fallout 137 Cs are important contributors to radiation dose received by human beings via seafood consumption, because of their high accumulation rates in the edible parts (especially 210 Po) of marine organism [3, 4] . Data pertaining to the above-mentioned radionuclides remain scanty in the southern coastal regions of India, one of the high background radiation areas (HBRA) of the world. Among the seafoods, fishes are the most important species, representing more than 200 edible species alone from the southern coast of India [5] . No guideline values have been calculated for radionuclide levels in Indian seafoods till date. Based on the above scenario, the present study was carried out to find out the distribution of natural radionuclides in the economically important edible pelagic and demersal fish species of the southeastern coast of India and to estimate the radiation dose to humans in terms of seafood safety.
MATERIALS AND METHODS

Collection of samples
Thirty-four species of edible pelagic and demersal fishes were collected at the major fish-landing centres (Chinnamuttom and Idinthakarai) and were also caught by trawling at 10 nautical miles offshore between Kanniyakumari and Uvari (Fig. 1 ). Samples were collected during January 2009 to March 2010. The collected samples were brought to the laboratory and washed thoroughly with tap water to remove debris, sand and silt. The fishes were identified and categorized according to their ecological characteristics and distribution using Fishbase online (www.fishbase.org). Mostly, similar-sized fish in each species were taken into consideration and analysed. Seawater (100 L) samples were collected using a PVC water sampler inshore as well as offshore (depth range of 5-40 m) from the fish sampled area to derive the biological concentration factor (BCF).
Radionuclide determination
Five litres of seawater, after the pH was adjusted to 1 with HCl, was evaporated and reduced to 500 ml. The water was then compactly packed in 500 ml high quality polythene bottles, sealed and kept undisturbed for 1 month (for the daughter radionuclides of the U-Th series) for the determination of 40 137 Cs was pre-concentrated with ammonium molybdophosphate (AMP) from 30 l of seawater [6] . The samples were subjected to low-level hyper pure germanium gamma spectrometry (HpGe) for 50, 000 s. On the other hand, 210 Po in seawater was determined by pre-concentration using Fe(OH) 3 followed by silver plating [7] . The solution, after plating, was stored for 6 months in glass bottles to allow the ingrowth of 210 Po from its grandparent, 210 Pb. Subsequent determination of the ingrown 210 Po was carried out as described above [8] . In case of fishes, the samples were dissected out to remove the edible soft tissue from the hard parts. Muscle tissue was pooled from all the specimens representing each species, weighed and dried in an oven at 80-90
• C. The dried samples were then charred in a silica crucible at low flame and then made to ash in a muffle furnace at 450
• C; and 10-15 g of the homogenized ash was filled in a glass vial and subjected to gamma spectrometry. The gamma activity measurement was carried out at the Environmental Survey Laboratory, Health Physics Division, Bhabha Atomic Research Centre, Kudankulam. The detector has a relative efficiency of 110% and a resolution of 2.3 keV (FWHM) for the peak of 1332 keV of 60 Co [9] . The detector is coupled to a 4096-multichannel computer analyser (MCA). To reduce the -ray background the detector is shielded by a cylindrical, 5.08-cm thick Pb shield with a fixed bottom and a moving cover. The peak areas (keV) in the gamma spectrum were 661. 7 Ra. Internal quality was checked using the reference material, IAEA 315, RGhK-1, RGhTh-1 and RGhU-1 within ±1 SD of the reference value. The accuracy and precision of the radiochemical determination were estimated to be less than 5%.
Meanwhile, 5-10 g of each tissue sample was wet-digested for 210 Po determination using a three-to-four-step digestion procedure using a HNO 3 :H 2 O 2 :HCl mixture along with the addition of 0.4 Bq 208 Po tracer [8] . After complete digestion, nearing dryness, concentrated HCl was added to remove HNO 3 , after which 210 Po was plated onto a polished silver disc and counted for activity by using an alpha counter for 6000 sec (Nucleonix-make RC605A, efficiency 35% using 241 Am standard, minimum detectable limit 0.2 Bq). 210 Pb analysis was performed as explained above. The 210 Po activity corresponds to that of its grandparent, 210 Pb, in the sample. The recovery of polonium was ensured by doing a second plating to completely remove (100%) the 210 Po along with the tracer. Tracer addition was done 1 day before the second 210 Po deposition (after 6 months) to ensure isotopic exchange. Radionuclide activities in surface water and fishes are given in Bq · m −3 and Bq · kg −1 wet weight (ww), respectively. The results are reported as the mean of values measured for the individual organisms and ±1 standard deviation (SD) for each group of data.
RESULTS AND DISCUSSION
In general, the concentrations of uranium and radium isotopes were lower compared to 210 Pb and 210 Po (Table 1) . Among the naturally occurring alpha emitters, 210 Po displayed concentrations ranging from 2.6 to 99.9 Bq · kg -1 and was present in fish muscle in concentrations higher than other radionuclides. Among naturally occurring gamma-emitting radionuclides, radioactive potassium ( 40 K) displayed higher concentrations, ranging from 33.9 to 128.6 Bq · kg -1 .
Among fish species, benthic species displayed lesser natural radionuclide concentration (except for 210 Pb) compared to bony fishes (teleosts). Pelagic species showed higher 210 Po and 40 K activity when compared to benthic species. The pelagic species was headed by the Indian oil sardine, Sardinella longiceps, a specific planktivorous pelagic fish whose eggs are released in the pelagic zone and whose larvae, fry and juveniles develop there. Moreover, the period of pelagic life as adults or at early stages and their feeding on plankton are significant. The role of plankton in this process is also significant because it is the primary 210 Po uptake source for fishes [10] . Meanwhile, fish feeding on benthic organisms showed higher 210 Pb and 226 Ra activity. The concentration registered for 208 Tl ( 232 Th) in fishes was found higher than that of 238 U. The accumulation pattern was found to be more or less similar in most of the species. 137 Cs, on the other hand, was found to be more in concentration in the predatory fishes.
137 Cs concentrations were generally in the range of 0.06 to 0.34 Bq · kg -1 . The migratory yellow fin tuna Thunnus albacares displayed the highest activity. The level of 137 Cs in the present study was similar to the values reported before for other marine fish [11] [12] [13] [14] . In terms of the absorbed radiation dose, and taking into account the concentrations measured, the naturally occurring radionuclides, especially 40 K, 226 Ra and 210 Po, are the ones that contribute more to the radiation doses to the fish as well as to human consumers of seafood. The concentrations of radionuclides in fish muscle varied among species even when they were caught in the same fishing area, suggesting differential bioaccumulation of radionuclides. Furthermore, in several species, including sardines, mackerels and scads concentrations of 210 Po and 210 Pb varied substantially in internal organs [7] . The lowest concentrations of these radionuclides were generally recorded in the muscle and bone, whereas the highest concentrations was 210 Po concentrations in fish liver and gonad, which are consumed in many countries [15] .
Among naturally occurring radionuclides, the contribution of 210 Po was always higher than that of the other nuclides of the uranium series, namely 238 U, 226 Ra and 210 Pb. In general, in the muscle tissue, 210 Po concentrations were 10-100 times higher than those of 226 Ra, which in turn was about 10 times higher than 238 U. As observed in the upper pelagic domain and in coastal waters, plankton feeding groups displayed higher 210 Po concentrations. So far, all the experimental evidence accumulated indicates that 210 Po intake by marine organisms mainly takes place via food ingestion and it is not absorbed directly from seawater in significant amounts [16] [17] [18] . The level of radionuclides in seawater was shown in Fig. 2 . Furthermore, it has been demonstrated that, in cells, polonium binds easily to amino acids and proteins, which facilitates 210 Po absorption through a predator's gut and accumulation in the internal organs [19] . The estimated biological concentration factor (BCF) was depicted in Fig. 3 .
It has been shown that in all oceanic ecological domains there are organisms with particularly high concentrations of 210 Po, and these organisms or some of their organs may receive high radiation doses from internally accumulated 210 Po [11, 20, 21] . Absorbed radiation doses have been estimated for fishes, and the internal dose rate for fishes were estimated to be in the range of 1.26 × 10 -5 to 0.12 Gy · h -1 (Fig. 4) . Pelagic fishes are the most exposed compared to other fishes. This observation is concordant with the finding of Carvalho and Oliveira [12] . It has also been reported and found that the radiation dose received from internally accumulated radionuclides will be higher than the dose from external radionuclides in seawater and seafloor sediments [22] . Among the internal emitters, 40 K and 210 Po were the main contributors to the dose. Radiation doses due to internally accumulated artificial radionuclides contribute very little, about 1%, to the dose from naturally occurring radionuclides [12] .
The annual committed effective dose for individuals as a result of radionuclide intake was calculated using dose conversion factors ( Sv · Bq -1 ) for adults recommended by IAEA [15] . The dose was calculated as given in Khan and Wesley [22] . For the human consumers of fish, the presence of natural anthropogenic radionuclides in fish and their absorption through the diet certainly adds a radiation dose Pb contributions to the radiation dose received by human consumers through the ingestion of food and water and air inhalation, Carvalho [11] had concluded that ingestion is the main exposure pathway for humans, and that the dose from marine products would be higher. The calculated dose and risk parameters are shown in Tables 2 and 3 . In the present study, the summed committed effective dose for adults was calculated to be 827.2 Sv · y -1 . The life time risk due to the intake of radionuclides was determined as per USEPA [23] and Khan et al. [24] . It was calculated to be 4.07 × 10 -4 . This value is negligible compared to the total risk (6 ×10 -3 i.e., 0.6%) involved from average global natural radiation dose of 2.4 mSv y -1 to humans. The estimated values are also significantly less than the ICRP cancer risk factor of 2.5 × 10 -3 based on the additional annual dose limit of 1 mSv for the general public, which yields an annual mortality probability of 10 -5 (1 in 100,000; ICRP [25] .
Our results showed that activity concentrations of naturally occurring radionuclides, especially those of 210 Po and 40 K, were much higher than those of other natural and anthropogenic radionuclides. Among these, 137 Cs concentration was low and make only a small contribution (1%) to the total radiation dose to biota and thus to human consumers of seafood. Fishes contained radionuclides, especially 210 Po, in concentrations roughly similar to those found in coastal organisms of the same taxa. 210 Po concentrations seem to be dependent upon a food chain transfer of this radionuclide, so it seems that the 210 Po concentration levels were more related to the trophic level of the organisms than the ocean depth at which they live. More data are needed on natural and artificial radionuclides in abyssal biota. The internal radiation doses received by marine biota and human beings seemed to be driven mainly by 210 Po and 40 K and it appears unlikely that the benthic fishes are exposed to a radiation dose regime different from those fishes in pelagic environment. The estimated CED and lifetime risk were also found negligible and the species are considered safe for consumption.
